Although the gas insulated structures have a high degree of reliability, the unavoidable defects are primary reason of their failures. Partial discharge (PD) has been regarded as an effective indication for condition monitoring and diagnosis of gas insulated switchgears (GISs) to ensure their reliable and stable operation. Among various PD detection methods, the ultra-high frequency (UHF) technique has the advantages of on-line motoring and defect classification. In this paper, there are presented 7 types of artificial electrode systems fabricated for simulation of real insulation defects in gas insulated structures. A real-time measurement system was developed to acquire defect patterns in a form of phase-resolve partial discharge (PRPD) intensity graph, using a UHF sensor. Further, the discharge distribution and statistical characteristics were extracted for defect identification using a neural network algorithm. In addition, a conversion experiment was proposed by detecting the PD pulse simultaneously using a non-induction resistor and a UHF sensor. A relationship between the magnitude of UHF signal and the amplitude of apparent charge was established, which was used for evaluation of PD using the UHF sensor.
Introduction
The gas insulated structures that are filled with sulphur hexafluoride (SF6) gas, such as switchgears and transmission lines, have a high insulation and arc-extinguishing capability, ensuring their high reliability, compact size, and economical efficiency. As a result, they are widely employed in space-limited locations, such as city substations, offshore plants, and electric railway systems. The gas insulated switchgears (GISs), which are composed of a circuit breaker, disconnect and grounding switches and other high voltage components, have been used for power transmission and distribution sine 1960s. In addition, a gas insulated transmission line (GIL) is regarded as a safe and flexible alternative to an overhead line. However, insulation defects generated during the manufacture, assembly, transportation and operation are one of the primary causes of GIS and GIL failures [1−4] . Owing to the large power supply capacity, the failures result in enormous economic losses and serious human injuries. It is therefore necessary to monitor and diagnose the condition of gas insulated structures to work out proper maintenance schedules and to ensure their reliable and stable operation [5−6] .
The maintenance strategy for power facilities has developed from the run-to-failure, through the maintenance as necessary, time-based and condition-based maintenance, to the reliabilitycentred maintenance (RCM) that is proposed nowadays. The RCM strategy is a combination of the reactive, preventive, predictive, and proactive maintenance to maximise the reliability and availability of power apparatus [7−8] . The partial discharge (PD) is defined as a localized electrical discharge that partially bridges the insulation [9−10] . It causes progressive deterioration and the final failure of equipment. Therefore, monitoring and analysis of PD are important parts of RCM. The study of PD consists of four parts: detection, analysis, classification, and localization [11] . PD detection methods are categorized into the conventional and non-conventional ones. A conventional method is a means of measuring the electrical discharge pulse, complying with IEC 60270 [9] . Non-conventional ways of detection include acoustic emission, dissolved gas analysis, and ultra-high frequency (UHF) methods [12−19] . Among various methods, UHF is the best choice including the four mentioned activities. In addition, it has obvious advantages of immunity against external noise and the capability of on-line monitoring [20−21] . This paper discusses the measurement and analysis of PD using a UHF sensor for condition monitoring and diagnosis of gas insulated structures. All of the possible insulation defects in GIS were simulated. A real-time analysis system was developed to extract phase-resolved partial discharge (PRPD) patterns and to identify a defect type using 17 proposed parameters. In addition, a conversion method was proposed to analyse the relationship between the magnitude of UHF signal and the amplitude of apparent charge, used for evaluation of PD with the non-conventional UHF method.
Experiment

Insulation defects
PD occurs in an insulation defect that is generated during the manufacture, assembly, and transportation procedures of gas insulated structures. Most of such defects can be detected in the factory and commissioning tests whereas there are still some micro ones hard to be found. Left without checking, those micro defects cause a progressive deterioration of the dielectric material even though power facilities operate at their rated voltage [22] . Fig. 1 shows 7 types of typical insulation defects in GIS and GIL, including protrusion on conductor (POC), protrusion on enclosure (POE), void inside spacer (VIS), particle on spacer (POS), crack inside spacer (CIS), free particle (FP), and floating. In this paper, they were simulated using artificial defects. Examples of the POC and FP defects are illustrated in Fig. 2 . In the POC and POE, a needle electrode with a curvature radius of 5 μm representing a micro-size metallic protrusion, and a plane electrode with a diameter of 80 mm were used. A distance between the two electrodes was 3 mm. The edge of the plane electrode was rounded to prevent concentration of the electric field. The VIS, POS, and CIS were designed to simulate deficiencies in the spacer of GIS or GIL, representing an imperfection of product, attachment of a conductive particle, and a crack resulting from impact, respectively. The FP, which is the most common defect, was created as a 1 mm-diameter aluminium sphere to simulate a free moving metal in the chamber. All of the artificial defects were sealed with SF6 gas with a pressure of 0.5 MPa.
Measurement system
The measurement program was developed using a real-time operation system based on LabVIEW. Fig. 3 demonstrates a flow chart of the measurement system. The virtual instruments (VI) were divided into HOST VI that runs on a personal computer, and RT VI that operates on a PXI. The shared variables were used for communication between those two VIs. In the RT VI, a producer-consumer design pattern based on queue operation was applied, which is able to run the application with precise timing and a high degree of reliability. The acquired signal was then fed through a band-pass filter to suppress the mobile telephone interference at a frequency of 800−900 MHz. The peak point of UHF signal was captured by peak detection to be displayed in the PRPD intensity graph. The arranged data were sent to the personal computer for further analysis.
In the HOST VI, a standard state machine design pattern was built, which enabled distinct states to operate in a programmatically determined dynamic sequence. The following parameters: pulse distribution, skewness, kurtosis, and correlation coefficient (CC), were extracted.
The skewness and kurtosis are given by:
where: X(i)(i =1, 2,..,n) are data sets; μ and σ are their means and standard deviations, respectively. In the present study, X(i) are the PRPD data in the positive or negative half of the applied voltage. Skewness is a measure of the symmetry of a distribution in respect of the normal distribution. The negative values of skewness indicate data that are left-skewed, whereas positive values indicate right-skewed data. The symmetric data which are called a normal distribution have a skewness value of zero. Kurtosis is an indicator of the steepness of a probability distribution. The normal distribution has a kurtosis value of 3. The data with a kurtosis value higher than 3 tend to be steeply distributed, whereas the data with a kurtosis value lower than 3 tend to be distributed evenly. The correlation coefficient that is used to evaluate the similarity of two signals is calculated as follows:
where: X(i) and Y(i) are two data sets; and ܺ ത and ܻ ത are their average values. To be specific, X(i) and Y(i) are the PRPD data in the positive and negative halves of applied voltage, respectively. A value of CC is between 0 and 1. A large value indicates a high similarity of two signals [23−24] . Finally, the extracted parameters were input into a neural network for classifying the type of defect.
Experimental setup
The experimental setup is shown in Fig. 4 . A dry-type transformer with a maximum output of 50 kV was immersed in insulation oil to avoid the occurrence of corona. The applied voltage was measured by a high voltage capacitive divider. Its capacitance and ratio were 25 pF and 10,000:1, respectively. An artificial defect was placed inside a GIS chamber to generate PD pulses. A UHF sensor with a frequency range of 0.5−1.5 GHz was mounted in a window of GIS. It is a semi-circular dipole antenna with a minimum detection sensitivity of 1 pico-coulombs (pC). To verify the validity of the developed measurement system and to run the conversion experiment, a 50 Ω non-inductive resistor was connected to detect a PD pulse. The signal was acquired using a digital storage oscilloscope (DSO) with a sampling rate of 5 GS/s and a data acquisition (DAQ) unit with a sampling rate of 250 MS/s. 
PRPD and defect classification
Depending on the types of defects, PD presents different patterns. The parameters extracted from PD patterns are used for identification of defects; basing on these parameters the operating personnel can work out a proper maintenance schedule for the in-service equipment. In this section, the PRPD intensity graphs that feature the φ-q-n pattern were acquired from seven types of artificial defects, where φ is a phase position, q is a discharge magnitude, and n is a count of PD events. An intensity graph was acquired from the PXI using the UHF sensor and was simultaneously collected by the DSO through the resistor. These two graphs were compared to verify the validity of the proposed measurement system. To reduce the complexity of PD patterns, characteristic properties were analysed regarding distribution of pulses and statistical features. For the distribution of pulses, a PRPD intensity graph was divided into 12 windows and percentages of PD pulses in each window were calculated, named P1, P2,…, P12, as illustrated later. The statistical features include the skewness and kurtosis of the phase spectra in the positive and negative halves of applied voltage, as well as the CC value between the phase spectra in the positive and negative halves. Finally, the 17 extracted parameters were input into the artificial neural network for classifying the type of defect.
The PRPD intensity graphs of POC acquired from the DSO and the measurement system are shown in Fig. 5 . It can be seen that the same pattern was obtained. PD pulses are distributed in 33−108º in the positive half of applied voltage and in 140−305º in the negative half. The magnitudes of pulses in the positive half were higher than those in the negative half. In addition, the counts of pulses in the positive and negative halves were 509 and 253, respectively. Fig. 6 demonstrates the PRPD distribution as well as the phase spectrum. 99.5% of PD pulses are in the positive half. Especially, 51.69% of pulses are clustered in the window of 90−180º and −60 − −80 dBm. Further, the statistical parameters were extracted from the phase spectrum. Figures 7 and 8 illustrate the PRPD intensity graph and parameters of FP, respectively. Pulses scattered over all of the phase and the discharge magnitude varied with the amplitude of applied voltage. The discharge patterns were similar in the positive and negative halves.
The PRPD intensity graphs and parameters of other five types of defects are appended. In the POE, most of PD pulses are distributed in the negative half of applied voltage, and the magnitudes of pulses in the negative half are higher than those in the positive half. Similar patterns in the positive and negative halves were acquired in the VIS, where pulses are distributed within 30º−90º and 210º−270º. In the POS, PDs occurred with a magnitude lower than −62 dBm, whereas PD pulses with a magnitude higher than −30 dBm were detected in the floating. In the CIS, most of pulses are distributed in the P9 and P11 windows. A structure of artificial neural network is demonstrated in Fig. 9 . There are 17 neurons − as many as the number of extracted parameters in the input layer. One hidden layer with 18 neurons was used to connect the neurons in the input and output layers. The number of neurons in the output layer is the same as that of the typical insulation defects, which is set to 7. In addition, a sigmoid function is selected to determine the activation function. During the training procedure, the PRPD intensity graphs had been extracted for 20 times from each defect and a back propagation algorithm was applied to update the weights and biases until the allowable error was less than 0.0001. Then, the updated weights and biases were written into the measurement system to replace their initial values; they were finally used for real-time defect identification. To verify the accuracy of the developed system, another 20 groups were acquired for each of 7 defects, and then identified. As a result, 134 of 140 data were accurately identified. Therefore, the proposed system can classify a defect type with an average accuracy of 95.7%.
Apparent charge calculation
In IEC 60270, PD is evaluated using an apparent charge (q), whose unit is pC [9] . The apparent charge is an integrated value of the detected pulse and can be calculated by:
where: v(t) is a waveform of pulse detected by the non-inductive resistor. The accuracy was verified by injecting current pulses with specified apparent charges using a calibrator, and then comparing the injected values with the integrated ones. The magnitude of UHF signal is expressed in dBm. The conversion experiment was performed to analyse the relationship between the magnitude of UHF signal and the apparent charge, in order to evaluate PD with UHF sensors. Fig. 10 shows electrical PD pulses simultaneously measured with the UHF signals. Since a UHF pulse lasts only tens of nanoseconds, an extremely expensive acquisition device with a high sampling rate is needed to capture such a short signal. Therefore, an integral circuit was used in this sensor. As a result, the width of pulse detected with the UHF sensor (lower) was longer than that detected by the 50 Ω resistor (upper). It can be seen that PD pulses detected by the resistor and the UHF sensor matched very well, providing the evidence for a good conversion accuracy. The conversion experiment was carried out for 7 defects. The results are shown in Fig. 11 . Although obtained for different defect types, the relationships between the magnitude of UHF signal and the amplitude of discharge follow a single curve, which is given in (5). Therefore, the dBm can be converted into pC for evaluating PD by the UHF sensor during the on-line PD monitoring: 
Conclusions
This paper deals with the measurement and analysis of PD using a UHF sensor for the purpose of condition monitoring and diagnosis of gas insulated structures. A real-time measurement system that combined the signal acquisition, pattern generation, feature extraction and defect identification was developed. The PRPD intensity graphs were acquired from 7 types of artificial defects, which presented distinguishable patterns. Then, 17 parameters were extracted, including the distribution of PD pulses over 12 phase-magnitude windows, skewness and kurtosis of the phase spectra in the positive and negative halves of applied voltage, as well as the correlation coefficient between the phase spectra in the positive and negative halves. Using an artificial neural network, the defects were classified with a high accuracy of 95.7%. In addition, by using the proposed conversion method, the relationship between the magnitude of UHF signal and the amplitude of apparent charge was examined, even for different defects. Therefore, PD can be evaluated using a UHF sensor in the gas insulated structures in service.
Appendices
Figures 12−16 show the PRPD intensity graphs and parameters of five types of defects. 
